Resting metabolic rate of pygmy rabbits (0.89 ml 02 g-1 h-') was high compared to other eutherian mammals, but not unusual among lagomorphs. The estimated size of the zone of thermoneutrality was ca. 8-9?C, with the lower critical temperature occurring between 15 and 20?C, depending on body mass. Minimum thermal conductance was lower and mean body temperature was higher than predicted for similarly sized mammals. Body temperature fluctuated >1?C within a 24-h period, but showed no circadian patterns. Pygmy rabbits are thermally stressed during harsh winters in Wyoming, but low thermal conductance, a highenergy source of food, and favorable microenvironments enhance survival. 
Species in north-temperate regions experience wide ranges in ambient and operative temperatures during winter. Extended periods of extremely cold temperatures, in particular, place high energy demands on animals in northern latitudes. Endotherms living in these climates usually enhance their chances of survival by adaptive changes in food habits, metabolic rate, and quality of insulation (Scholander et al., 1950a; Wang et al., 1973) . Because the insulation attainable by smaller mammals is limited, they must employ various behavioral and physiological mechanisms to minimize energetic losses in such cold environments (Pyomila et al., 1992).
Leporids in sagebrush-steppe habitat often are more directly exposed to the environment than other small mammals that spend much of the winter under the snow or in forested habitats protected from wind (Rogowitz, 1990) . Pygmy rabbits (Brachylagus idahoensis) are among the smallest leporids in the world (300-500 g), and subsist almost exclusively on big sagebrush (Artemisia tridentata) during winter (Green and Flinders, 1980; Katzner, 1994; Wilde, 1978) . Despite such a limited diet and small body size, these animals survive harsh winters throughout much of their range from southeastern Oregon and northeastern California across southern Idaho, northern Nevada and Utah, into southwestern Wyoming (Campbell et al., 1982; Green, 1978; Pritchett et al., 1987) ; a small remnant population also exists in southeastern Washington (Dobler and Dixon, 1992). Pygmy rabbits have no known food-caching behaviors or depressed metabolic rates such as are observed in other cold-adapted lagomorphs (MacArthur and Wang et al., 1973) . In southwestern Wyoming, pygmy rabbits may use subnivean burrows to ameliorate thermal extremes, yet still spend >60% of daylight hours above the surface of snow in spite of a high ratio of surface area to volume (Katzner, 1994) . Field studies in this region, which includes the coldest climates in their geographic range, indicate that animals are active during all 24 h of the winter day in temperatures ranging from -26 to +9?C (Katzner, 1994 ). An understanding of the thermal requirements and energetic needs of pygmy rabbits in relation to habitat requirements is particularly important at this time because numbers of rabbits are believed to be declining in all known populations (Dobler and Dixon, 1992; Groombridge and Baily, in press). This decline is associated with the degradation and disappearance of sagebrush ecosystems throughout arid western North America.
In a previous study, Katzner (1994) described the role that habitat plays in influencing the thermal environment and consequent effects on patterns of activity by pygmy rabbits. The purpose of the present study was to define their thermoregulatory requirements. Our specific objectives were to determine the energetic costs associated with thermoregulation by pygmy rabbits, to examine the relationships between body temperature and thermal conductance under a wide range of ambient temperatures, to monitor and describe the relationship between body temperature of pygmy rabbits and the thermal environment in a simulated natural setting, and to examine these characteristics relative to other lagomorphs and in the context of conservation of the pygmy rabbit. Animals were habituated to the experimental protocol before data collection began. When the PVC tunnels in the enclosure were blocked off, the rabbits generally ran into the nest boxes where they were easily captured. Subject animals were transported to the laboratory in a nest box, placed in a cloth bag and weighed on a toploading balance, and then released into a metabolic chamber. The chamber was made from a 15-1 opaque, polyethylene, processed-food container, for which we fabricated a close-fitting acrylic plastic lid, which bolted to the container, and a metal screen flooring raised 2 cm above the bottom surface. Each chamber was large enough that an animal could move easily about. The metabolic chamber was placed in an environmental chamber (Model 745145, Forma Scientific, Marietta, OH) with simulated daytime photoperiod and temperatures set between +25 and -15?C.
MATERIALS AND METHODS
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Oxygen consumption was measured using an open-circuit system (Hill, 1972) . Instruments for analysis were located in a room adjacent to the environmental chamber. Air from the metabolic where VE is the volume of air flowing out of the chamber (at standard temperature and pressure), FI02 and FE02 are the fractional concentrations of oxygen in the air entering and leaving the chamber, respectively, and RQ is the respiratory quotient, calculated from the amount of CO2 produced as a fraction of the amount of 02. Gas concentrations of ambient air pulled into the metabolic chamber were monitored for 10 min before and after each trial without the rabbit; those data were averaged and considered to be the fractional concentrations of oxygen and carbon dioxide entering the chamber during the experiment.
A metabolic trial was conducted for each rabbit at intervals of 5?C between -15 and 25?C. The air temperature for each trial was selected to represent conditions similar to those in the outdoor enclosure on that day to avoid major acclimation effects. Animals were given > 1 h to adjust to the metabolic chamber before each trial, and oxygen consumption was recorded for 1-2 h after this equilibration. Resting oxygen consumption for each air temperature was determined from the continuous 18-22-min period of the trial when metabolism was lowest. Because of the difficulty in fasting animals in the outdoor enclosure and the danger of starving such small animals on a regular basis (MacArthur and Wang, 1973), the animals were provided with sagebrush and guinea pig pellets during the measurements. In a separate set of experiments, we compared metabolic rates for each rabbit with access to food (at 20?C) to metabolic rates obtained 5 h after food had been removed (also at 20?C) to check for possible differences between metabolism in fed and fasted states. Basal metabolic rate is assumed to be achieved when an animal is calm, in muscular repose, in a thermoneutral environment, and in a postabsorptive state. Heat production by nonfasted animals under similar conditions of rest and no thermal stress is termed resting metabolic rate.
To determine lower critical temperature (the ambient temperature below which metabolic rate increases linearly with decreasing ambient temperature as the animal regulates body temperature within acceptable limits) and upper critical temperature (the ambient temperature above which metabolic rate increases as the animal minimizes thermal heat stress), we compared metabolic rates at ambient temperatures where oxygen consumption was lowest and at the next higher and lower temperatures, using Student's t-test. The temperature range between upper and lower critical temperatures was assumed to be the animal's thermoneutral zone.
We described the rate of increase in oxygen consumption with decreasing air temperatures below lower critical temperature using leastsquares regression analysis. To avoid pseudoreplication from repeated measurements on the same animal, we regressed data from each individual rabbit and averaged the slope and intercept from those regression equations to obtain an average rate of increase. We calculated conductance (C) using the Scholander-Irving model, C = VO2/(Tb -Ta), at each experimental temperature, where V02 is the volume of oxygen consumed, Tb is body temperature, and Ta is air temperature (McNab, 1970; Scholander et al., 1950b) . This model assumes that the level that body temperature is held above ambient temperature depends on the ratio of heat production (metabolic rate) to cooling rate (conductance). We anaesthetized four pygmy rabbits with a mixture of ketamine-xylazine hydrochloride and then surgically implanted radiotransmitters, into the peritoneal cavity, for which frequency of the Food deprivation did not have a statistically significant impact on metabolic rates at 20?C (for rabbits that had been fed, X = 1.07 ml 02 g-~ h-1; for fasted rabbits, X = 1.03; t = 2.431, d.f. = 6, P = 0.051) or on respiratory quotients (t = 1.518, d.f. = 6, P = 0.180, although the rabbits lost 0.7-2.4% (1.2 ? 0.23%) of their body weight when starved for 5 h. We were unable, therefore, to determine a quantifiable difference between resting and basal metabolic rates. Animals with free access to food may not necessarily have been in a fed state; further, fasted animals undoubtedly consumed cecal and fecal pellets during the experimental period because few pellets were found in the chamber at the end of the trial.
Oxygen consumption was significantly greater (t = 3.56, d.f. = 7, P = 0.005) at 15 than at 20?C, and it continued to increase at lower ambient temperatures ( Fig. 1 ; VO2 = 1.1757 -0.0157 * air temperature in ?C). From these data, and assuming no discernible differences between animals that were fed and fasted, we conclude that lower critical temperature for pygmy rabbits was between 15 and 20?C. Oxygen consumption was greater at 25?C than at 20?C for six of the eight rabbits, but the averages for all rabbits at those two temperatures were not significantly different (t = 1.43, d.f. = 6, P = 0.100). The dataset at 25?C represents only seven animals, because the largest rabbit became heat stressed and was removed from the metabolic chamber before the trial was completed.
Thermal conductance for the four rabbits implanted with temperature sensors increased at air temperatures >0?C (Fig. 2a) . Conductance did not change significantly at temperatures <0?C, representing a minimum value of 0.027 ? 0.014 ml 02 g-1 h-' 0C-1. Body temperatures of these animals in the metabolic chamber were relatively constant at air temperatures of -15 to 15?C (Fig. 2b) (Fig. 1) (Vaughan, 1986) .
A log-linear relationship exists among North American lagomorphs found in cold climates between body size and the range of thermoneutrality achieved per unit of heat production during winter (Fig. 3) . We scaled the width of the thermoneutral zone (?C) by the metabolic rate of the animal (its heat production; ml 02 g-l h-~) because some lagomorphs (most notably Arctic hares, L. arcticus) have adaptive basal metabolic rates that are higher or lower than would be expected based on body mass (Wang et al., 1973) , making singular estimates of thermal tolerance from body size impractical. Likely, our relationship includes both basal and resting metabolic rates because a truly postabsorptive state is difficult to achieve in lagomorphs with coprophagic habits. Using a regression developed from three studies that empirically determined the upper and lower limits of thermoneutrality (Hinds, 1973 Assuming that lower critical temperature for pygmy rabbits is between 15 and 20?C (Fig. 1) , upper critical temperature is likely between 23 and 28?C. Specific lower and upper critical temperatures probably vary with individual size and pelage characteristics. For example, the largest rabbit in our study became heat stressed at 25?C and would have died with continued exposure. We are confident that 25?C was above the upper critical temperature for that animal. Observations on the other seven rabbits at 25?C indicated that they were minimizing heat production by not moving and were behaviorally dissipating body heat by assuming postures to maximize exposed surface area. It is likely that some of these rabbits were thermally stressed, and that others were in the upper range of their thermoneutral zones. Given the overall thermal response to a wide range of ambient temperatures, pygmy rabbits probably are cold stressed for most of a winter in Wyoming (Katzner, 1994) . Nevertheless, despite their small size, pygmy rabbits do not appear to have physiological adaptations, such as depressed metabolic rates or body temperatures, which would set them apart from other lagomorphs.
It generally is assumed that below lower critical temperature a constant minimum Pygmy rabbits in the outdoor exclosure showed no circadian rhythms in body temperature regulation associated with ambient temperature or activity as are seen in other mammals (e.g., Pauls, 1979 ) and some lagomorphs (Hinds, 1977; Shoemaker et al., 1976) . In accordance with the lack of a circadian body temperature profile, Katzner's previous work shows that pygmy rabbits were active at all hours of the day and night (Katzner, 1994) .
There are several consequences of such a small mammal maintaining a high metabolic rate and living in a continuously stressful thermal environment. They must ingest either large quantities of low-energy food or proportionately smaller amounts of higher-energy food to offset high metabolic expenditures. Sagebrush, the exclusive winter forage of pygmy rabbits (Green and Flinders, 1980; Katzner, 1994 ) has a high energy content, despite plant-defense strategies that include the production of large quantities of terpenoids (White et al., 1982) . Because they spend a large proportion of time above the snow surface, pygmy rabbits potentially can lose large amounts of heat through convective and radiative processes. Physiological and behavioral adaptations that minimize heat loss are, therefore, important to survival. The relatively low thermal conductance of pygmy rabbits and their use of specialized habitats are essential adaptations. In previous work, Katzner (1994) observed that pygmy rabbits exclusively occupied habitats with extensive structure of sagebrush, composed of both living and dead vegetative material. These structural features provide thermally favorable microenvironments that minimize energy expenditures (Taylor and Buskirk, 1994) , and permit survival in otherwise inhospitable conditions.
Results and implications from this study are important to our understanding of the physiology and ecology of pygmy rabbits. This species exhibits metabolic and insulative characteristics that are typical of lagomorphs, but exclusive dietary and habitat choices set it apart from most other species in the order. The multifaceted, obligate relationship that pygmy rabbits have with sagebrush suggests that they cannot tolerate extensive habitat alteration. Indeed, population declines have been related to degradation and loss of sagebrush habitat. These issues should be of particular concern in the most eastern portions of the Great Basin, where harsh winters place pygmy rabbits under more extreme physiological stress than they encounter in other areas of their range. 
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